Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease selectively targeting motor neurons in the brain and spinal cord. The reasons for differential motor neuron susceptibility remain elusive. We developed a stem cell-based motor neuron assay to study cell-autonomous mechanisms causing motor neuron degeneration, with implications for ALS. A small-molecule screen identified cyclopiazonic acid (CPA) as a stressor to which stem cell-derived motor neurons were more sensitive than interneurons. CPA induced endoplasmic reticulum stress and the unfolded protein response. Furthermore, CPA resulted in an accelerated degeneration of motor neurons expressing human superoxide dismutase 1 (hSOD1) carrying the ALS-causing G93A mutation, compared to motor neurons expressing wild-type hSOD1. A secondary screen identified compounds that alleviated CPA-mediated motor neuron degeneration: three kinase inhibitors and tauroursodeoxycholic acid (TUDCA), a bile acid derivative. The neuroprotective effects of these compounds were validated in human stem cell-derived motor neurons carrying a mutated SOD1 allele (hSOD1 A4V ). Moreover, we found that the administration of TUDCA in an hSOD1 G93A mouse model of ALS reduced muscle denervation. Jointly, these results provide insights into the mechanisms contributing to the preferential susceptibility of ALS motor neurons, and they demonstrate the utility of stem cell-derived motor neurons for the discovery of new neuroprotective compounds.
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease selectively targeting motor neurons in the brain and spinal cord. The reasons for differential motor neuron susceptibility remain elusive. We developed a stem cell-based motor neuron assay to study cell-autonomous mechanisms causing motor neuron degeneration, with implications for ALS. A small-molecule screen identified cyclopiazonic acid (CPA) as a stressor to which stem cell-derived motor neurons were more sensitive than interneurons. CPA induced endoplasmic reticulum stress and the unfolded protein response. Furthermore, CPA resulted in an accelerated degeneration of motor neurons expressing human superoxide dismutase 1 (hSOD1) carrying the ALS-causing G93A mutation, compared to motor neurons expressing wild-type hSOD1. A secondary screen identified compounds that alleviated CPA-mediated motor neuron degeneration: three kinase inhibitors and tauroursodeoxycholic acid (TUDCA), a bile acid derivative. The neuroprotective effects of these compounds were validated in human stem cell-derived motor neurons carrying a mutated SOD1 allele (hSOD1 A4V ). Moreover, we found that the administration of TUDCA in an hSOD1
G93A mouse model of ALS reduced muscle denervation. Jointly, these results provide insights into the mechanisms contributing to the preferential susceptibility of ALS motor neurons, and they demonstrate the utility of stem cell-derived motor neurons for the discovery of new neuroprotective compounds.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegenerative disease that preferentially targets motor neurons in the cortex, brain stem, and spinal cord. Despite the discovery of >40 ALS-related genes, 1,2 the pathological processes leading to motor neuron degeneration and the reasons for differential neuronal subtype susceptibility to broadly expressed mutant proteins remain poorly understood.
Even though many different cell types are involved in ALS pathogenesis, 3 cell-autonomous factors are believed to play a critical role during the early stages of the disease. [4] [5] [6] [7] [8] Effective modeling of motor neuron degeneration is hindered by the limited accessibility of motor neurons in patients and animal models and by the fact that ALS is a late-onset disorder. The development of stem cell technologies that facilitate large-scale production of motor neurons carrying disease-causing mutations has circumvented the first challenge, and it has enabled biochemical analysis and drug screening in a relevant cellular context. [9] [10] [11] [12] [13] However, stem cellderived motor neurons are transcriptionally and electrophysiologically immature, resembling embryonic or early post-natal motor neurons. [14] [15] [16] [17] Most importantly, stem cell-derived motor neurons carrying ALS-causing mutations do not exhibit key hallmarks of motor neuron disease, such as aggregates of mutant proteins or p62-immunoreactive inclusions. [18] [19] [20] Despite their relatively immature state, several studies have reported differences in the survival, physiology, and biochemistry of cultured human and mouse stem cell-derived ALS motor neurons. 5, 6, 19, [21] [22] [23] [24] [25] [26] [27] [28] It has been suggested that many of these phenotypes result from a stressful in vitro environment that elicits premature or aberrant manifestations of pathological processes in cultured cells, yet the nature of these culture-related stressors remains ill defined. Understanding which specific stressors potentiate disease-relevant motor neuron pathology would enable the development of more faithful and reproducible models of ALS and, in turn, better tools to understand disease onset and progression. Ultimately, such models can be used to screen for neuroprotective drugs.
Here we describe the development of a highly sensitive motor neuron survival assay and how it was used to screen a library of bioactive compounds for stressors that accelerate the degeneration of mouse motor neurons carrying an ALS-causing human superoxide dismutase 1 (hSOD1) G93A transgene. 29 The screen identified cyclopiazonic acid (CPA), an inhibitor of a calcium ATPase expressed in the endoplasmic reticulum (sarcoendoplasmic reticulum-associated calcium ATPase [SERCA] ), 30 as a compound to which motor neurons are highly sensitive, particularly those expressing hSOD1 G93A .
In accordance with the literature, we demonstrate that CPA induces endoplasmic reticulum (ER) stress and activates the downstream cascades referred to as the unfolded protein response (UPR). 31 This cellular stress response is induced by unfolded and/or misfolded proteins in the ER lumen, and it is mediated by three ER sensors: IRE1a (Ern1), PERK (Eif2ak3), and ATF6. In turn, these sensors activate separate signaling cascades aiming to alleviate protein misfolding. Despite the initial adaptive response, prolonged activation of ER stress leads to the activation of apoptotic pathways and cell death. 32 The accumulation of misfolded proteins is a hallmark of many neurodegenerative diseases, and it has been described in conjunction with the activation of ER stress in animal and stem cell-based models of ALS, 19, [33] [34] [35] [36] as well as in post mortem spinal cord samples from ALS patients. 33, 37 Studies in animal models of ALS show that certain motor neuron populations degenerate early during the course of the disease while others remain unaffected up until end stage. 38, 39 Even though the underlying causes for this vulnerability are not fully understood, it was suggested that protein misfolding and ER stress in vulnerable motor neurons are early and crucial events that distinguish vulnerable from more resistant motor neurons. 34, 40 Based on our observation that CPA was selectively toxic to motor neurons, we developed an accelerated neurodegeneration assay, and we used it to screen for compounds that could attenuate the effects of ER stress. We demonstrate that kenpaullone, a protein kinase inhibitor that was recently shown to protect motor neurons from a neurotrophic factor withdrawal and to increase survival of human ALS motor neurons, 13, 41 also protects motor neurons from ER stress.
In addition to kenpaullone, we identified several other protective compounds, including additional kinase inhibitors and a bile acid derivative, tauroursodeoxycholic acid (TUDCA). In summary, we developed a novel, scalable, stem cell-based discovery platform that can be used for the evaluation of existing drugs and for the discovery of new compounds that protect motor neurons from ER stressinduced degeneration.
RESULTS
A Screen for Stressors Inducing Preferential Degeneration of Stem Cell-Derived hSOD1 G93A Motor Neurons
To gain insight into the cell-autonomous pathological mechanisms contributing to the onset of motor neuron degeneration in cells expressing mutant SOD1 protein, we developed a dual-color motor neuron survival in vitro assay. This robust, sensitive, and scalable system is ideal for the discovery of cell-autonomous motor neuron phenotypes.
To minimize well-to-well variation and to increase scalability, we designed an assay in which hSOD1 WT or tagRFP under the control of a motor neuron-specific Hb9 (Mnx1) promoter ( Figure S1A ). Immunostaining with antibodies against Hb9 and the motor neuron transcription factor Islet1 confirmed that the new cell lines differentiated into motor neurons with comparable efficiency (Figures S1B-S1E), and immunoprecipitation confirmed the presence of misfolded SOD1 protein in mutant motor neurons (Figures S1F and S1G). RFP-expressing WT motor neurons were mixed with GFP-expressing ALS motor neurons in equal proportions, and they were cultured in 96-well plates ( Figure 1A ) in the presence of glial cell-derived neurotrophic factor (GDNF; G) and the cyclic AMP (cAMP)-elevating compounds IBMX (I) and forskolin (F). 42 Under these basal conditions, we observed a small decrease ($15%) in ALS motor neuron survival compared to WT controls ( Figure S1H ).
To identify stressors that potentiate ALS pathology, plated motor neurons were treated with a library of 1,275 biologically active small molecules (Tocris Screen Mini and Custom Collection, Tocris Bioscience). Compounds were added 24 hr after motor neuron plating at a final concentration of 10 mM using an automated robot-assisted liquid-handling platform. The ratio of surviving GFP (ALS):RFP (WT) motor neurons was determined 48 hr later, using whole-well imaging in conjunction with automated image analysis software (Figures S1I and S1J). The screen identified several compounds that preferentially decreased the survival of mutant motor neurons. These compounds included agonists and antagonists of membrane receptors, ion pump and channel inhibitors, an anti-mitotic drug, and general pro-apoptotic agents ( Figures 1B and 1C) .
One of the selective stressors identified in the screen was CPA, a mycotoxin that reversibly blocks SERCA. SERCA is responsible for sequestering calcium from the cytoplasm into the ER. 30 Since calcium is an essential co-factor for protein-folding chaperones, SERCA blockade with subsequent depletion of calcium from the ER leads to the accumulation of misfolded proteins and activation of the UPR, ER stress, and apoptotic pathways. 31 We titrated CPA using two independent pairs of ALS-WT cell lines ( Figures S2A and S2B ) to establish the effective concentration range (6.25-12.5 mM; unless stated otherwise, all subsequent experiments were performed with 7.5 mM CPA) at which motor neurons show a reproducible cell death response. We found that ALS motor neurons exhibited reduced survival compared to WT motor neurons ( Figures 1D and 1E ).
To further investigate the effects of CPA, we examined whether it acts directly on motor neurons. We found that motor neurons purified by fluorescence-activated cell sorting (FACS) (Figures S2C-S2F) were as sensitive to CPA as motor neurons in mixed cultures, indicating that CPA acts directly on motor neurons rather than on other cell types that then produce secondary toxins. 5, 6, 8, 43 These findings also suggest that the other cell types present in mixed cultures do not provide significant protection to CPA-treated motor neurons.
Preferential degeneration of motor neurons in the spinal cord, brain stem, and motor cortex is a hallmark of ALS. 44 To determine whether stem cell-derived motor neurons of spinal identity are more sensitive to CPA treatment than other spinal neurons, we immunostained surviving cells for pan-neuronal marker Tuj-1. Quantitative analysis of immunostained cultures revealed that, while the survival of GFP-expressing ALS motor neurons was reduced by $71%, the survival of GFP À Tuj-1 + non-motor neurons of the same genotype was reduced only by $23% (Figures 1F and 1G ). The increased sensitivity of ALS motor neurons to CPA prompted us to ask whether even WT motor neurons are more sensitive to CPA than other nerve cells.
For this analysis, we generated a new ESC line that expresses tdTomato in dorsal spinal inhibitory interneurons derived from Ptf1a-expressing progenitors. 45 Following differentiation of this cell line under conditions that promote the specification of dorsal interneuron identity, tdTomato-expressing interneurons were co-cultured with GFP-expressing stem cell-derived motor neurons of spinal identity ( Figures 1H and 1I) . Quantification of RFP-versus GFP-positive neurons revealed that CPA treatment reduced dorsal spinal interneuron survival by only $17%, compared to a $70% decrease in the survival of co-cultured motor neurons. Together these data demonstrate that motor neurons expressing WT SOD1 too are significantly more sensitive to CPA than other spinal neurons of the same regional identity.
Effects of CPA on Cytosolic Calcium Levels
CPA is a reversible inhibitor of the SERCA pump, which is important for sequestration of cytosolic calcium into the ER. Indeed, CPA treatment resulted in an attenuated clearance of cytosolic calcium following motor neuron depolarization with kainic acid ( Figures  S3A-S3E ). Elevated cytosolic calcium may activate multiple intracellular signaling processes, including cell death pathways. [46] [47] [48] Moreover, calcium dysregulation has been implicated in many neurodegenerative conditions, including ALS. 19, [49] [50] [51] [52] [53] [54] [55] [56] [57] To determine whether motor neuron degeneration following CPA treatment is primarily caused by increased cytosolic calcium, we evaluated a panel of compounds with known effects on cytosolic calcium handling and/or signaling. These included BAPTA-am, a cellpermeable calcium chelator; dantrolene, an inhibitor of the ryanodine receptor that releases calcium from ER stores into the cytoplasm; three inhibitors of calpains, a family of calcium-dependent cysteine proteases; and three inhibitors of the calcium-activated kinase CaMKK/II. Notably, none of these treatments improved motor neuron degeneration or neurite retraction elicited by CPA exposure ( Figures S4A and S4B ). These data suggested that a cytosolic calcium overload is unlikely to be the primary cause of CPAinduced motor neuron death.
Stem Cell-Derived Motor Neurons Are Sensitive to the Activation of ER Stress Pathways
In addition to its effects on cytosolic calcium, CPA treatment has been shown to decrease calcium levels in the ER, leading to the activation of ER stress pathways. 31, 58 These pathways are initiated by the binding immunoglobulin protein (BiP; HSPA5; GRP-78), an ER-resident chaperone, which translocates from its binding site on ER membrane-bound stress sensors upon detection of unfolded proteins in 
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WT motor neurons and Ptf1a + interneurons was quantified at 48 hr (n = 3 for both analyses). Bars denote average, and error bars indicate SEM; **p < 0.01 and ***p < 0.001 (n = 3, unpaired two-tailed Student's t test).
Molecular Therapy the ER lumen. Unbound BiP is involved in the activation of three separate signaling pathways associated with the UPR: the PERK, ATF-6, and IRE1a pathways. [59] [60] [61] [62] To assess the activation of these pathways in motor neurons exposed to CPA, we used RT-PCR to examine the expression levels of 15 stress-associated genes at three time points following CPA treatment in hSOD1 G93A motor neurons ( Figure 2A ). We observed a rapid increase in the expression of Bip and the key downstream effector Chop (Ddit3). Bip increased 2-fold after 1 hr of CPA exposure, and it continued to increase to approximately 5-fold by 8 hr. Chop was induced 4-fold after 1 hr of CPA treatment, and it reached 16-fold induction after 4 and 8 hr. Other genes with >2-fold induction included the following: p58 IPK (6.5-fold at 8 hr), an ER stress-induced protein kinase; Growth arrest and DNA damage-inducible protein 45 alpha (Gadd45a, 5-fold at 4 hr), which has been shown to be upregulated in the spinal cord of presymptomatic SOD1 G93A mice; 34 Erdj4, a Bip cofactor with involvement in ER-associated protein degradation (ERAD) (5-fold at 4-8 hr); Atf4, a downstream mediator of the PERK axis of the UPR (3-fold at 8 hr); Calreticulin, an ER-associated chaperone (3-fold at 8 hr), which was linked to nitric oxide (NO)-mediated motor neuron degeneration in hSOD1 G93A mice; 49 and
Nrf2, a PERK substrate (2-fold at 8 hr). Taken together, these expression changes pointed to strong activation of multiple axes of the UPR in motor neurons exposed to CPA.
Western blot analysis of protein extracts from control and mutant motor neurons exposed to CPA for 1, 2, 4, 8, and 24 hr confirmed the early activation of the PERK pathway: an increase in Eif2a phosphorylation was already detectable after only 1 hr of CPA exposure, followed by the induction of CHOP ( Figure 2B ; Figures S6A-S6C ). An accumulation of the active cleaved form of ATF-6 was detectable at 8 hr ( Figure 2B ). Activation of the IRE1a branch was assessed by qPCR analysis of X-box-binding protein 1 (XBP1) splicing, which was already induced by 1 hr of CPA treatment and persisted at 4 and 8 hr of exposure. Splicing of XBP1 was not detected in vehicletreated controls ( Figure 2C ; Figure S6D ). We further evaluated activation of the IRE1a branch by immunocytochemical analysis of c-jun phosphorylation, 63 which peaked after 2 hr of CPA treatment (Figures 2D and 2E) . Notably, reactive c-jun phosphorylation was absent in Ptf1a-expressing interneurons exposed to CPA ( Figure 2F ). Finally, we detected increased levels of cleaved caspase-3 after CPA exposure, with a peak at 8 hr, indicating an apoptotic mechanism for cell death.
We considered the possibility that the effects of CPA treatment might reflect increased levels of the proximal disease trigger: accumulation of misfolded SOD1 protein in cultured motor neurons. 18, 33, 34, 65, 66 We treated mutant motor neurons with CPA or vehicle, and we immunoprecipitated misfolded SOD1 using two different conformation-specific hSOD1 antibodies. Western blot analysis revealed a CPA-dependent increase in the accumulation of misfolded SOD1 ( Figure 2G ; Figure S6E ), potentially explaining the accelerated death-inducing effects of CPA in ALS motor neurons.
Compounds that Protect Motor Neurons from CPA-Induced Degeneration
The realization that motor neurons are more sensitive to the activation of ER stress pathways than other spinal neurons prompted us to set up a candidate molecule screen to identify compounds that increase motor neurons' resistance to CPA. Such compounds might alleviate neurodegeneration in ALS, as well as other conditions associated with protein misfolding and ER stress activation. 32 We screened a panel of >100 compounds that was compiled from inhouse libraries and supplemented with compounds that emerged from a literature search (Table S1 ). Compounds in the panel are known to modulate different branches of the UPR, influence calcium sequestration, act as neurotrophic factors, and/or promote motor neuron survival.
hSOD1
G93A motor neuron cultures were treated with rescue compounds for 45 min prior to the addition of 7.5 mM CPA. Survival and neurite growth were assessed after 24 and 48 hr. The screen yielded several compounds that prevented more than 50% of motor neuron degeneration in response to CPA ( Figure S4A ): the c-Jun N-terminal kinase (JNK) inhibitor SP600125; the tyrosine kinase inhibitor sunitinib; and the broad-spectrum kinase inhibitors Ro 31-8220 mesylate, kenpaullone, GÖ6976, H-7, and K252a. [67] [68] [69] Compounds that rescued over 50% of neurite growth included the neurotrophic factor Cardiotrophin-1; the p38 inhibitors SB293063 and SB203580; SP600125; the bile acids taurine-conjugated cholic acid (TCA), taurine-glycine-conjugated cholic acid (TGCA), and TUDCA; and the kinase inhibitors Ro 31-8220 mesylate, GÖ6976, sunitinib, kenpaullone, H-7, and K252a ( Figure S4B) . Overall, GÖ6976, kenpaullone, K252a, and TUDCA appeared to be the most promising candidates ( Figure 3A ), due to their strong survival-promoting effects at low concentrations (GÖ6976, kenpaullone, K252a) or strong neurite outgrowth-promoting effects (TUDCA).
By testing the ER stress gene panel presented in Figure 2A in cultures treated with CPA and rescue compounds, we confirmed that two of the protein kinase inhibitors, GÖ6976 and kenpaullone, attenuated the cell stress-signaling cascade at different levels ( Figures S7A and  S7B ).
Furthermore, GÖ6976 and K252a treatments suppressed c-jun phosphorylation in CPA-exposed cultures more effectively than kenpaullone ( Figures 3B and 3C) , indicating that the latter inhibitor acts, at least in part, on a different target pathway ( Figure 3D ). TUDCA, an ambiphilic bile acid component that functions as a chemical chaperone, rescued neurite outgrowth ( Figure 4A ), but it only showed a moderate effect on motor neuron survival and failed to suppress cjun phosphorylation (Figures 3B and 3C ; Figure S4A ). TUDCA, which can be expected to act at the protein level, did not result in any major changes in the expression of ER stress-related genes, as shown by selected results from an RNA sequence screen ( Figure S7C ).
Validating Protective Compounds in Human Stem Cell-Derived Motor Neurons
To adapt the assay to human cells, we generated a new isogenic pair of ESC lines derived from a human ESC line expressing GFP under the control of the Hb9 motor neuron promoter (HUES3 HB9::GFP 5 ). The ALS-causing A4V mutation was introduced into a single allele of the human SOD1 gene using zinc-finger nuclease (ZFN)-based genome engineering to recapitulate human patient genotypes (Figures S5A-S5C ). The pair of cell lines was differentiated into motor neurons using previously published protocols; 9,70 their relative susceptibility to ER stress-mediated neurodegeneration was assessed under increasing concentrations of CPA. While human motor neurons were less sensitive to CPA than mouse motor neurons ( Figure S5K ), we detected a significantly increased sensitivity of mutant human SOD1 A4V motor neurons exposed to 33 mM CPA ($14% survival) compared to control neurons ($29% survival) ( Figure 3E) , thereby recapitulating the genotype-dependent effects of CPA in mouse motor neurons.
Next, we used the assay to test whether compounds protective to mouse motor neurons would be also able to protect human motor neurons exposed to 33 mM CPA. Remarkably, all of the top protective compounds identified in the mouse motor neuron screen were also effective in protecting human motor neurons against CPA (Figure 3E) . Pretreatment of human motor neurons with kenpaullone rescued 35% of CPA-induced cell death in WT motor neurons and 26% in SOD1 +/A4V motor neurons ( Figure 3E ), but it had no significant effects on neurite growth ( Figure S5L ). GÖ6976 rescued 35% of cell death in hSOD1 +/+ motor neurons and 30% in SOD1 +/A4V motor neurons ( Figure 3E ), and it also significantly rescued the decrease in neurite outgrowth ( Figure S5L ). K252a was overall the most promising compound, rescuing 63% of cell death in hSOD1 +/+ and 100% of cell death in hSOD1 +/A4V motor neurons ( Figures 3E and 3F) , with significant effects on neurite growth for both genotypes (Figure S5L) . Finally, TUDCA reduced cell death moderately in hSOD1 +/+ and hSOD1 +/A4V motor neurons by 29% and 15%, respectively, with a small significant effect on neurite growth only in hSOD1 +/A4V motor neurons ( Figure 3E ; Figure S5L ).
TUDCA Treatment Attenuates ALS-Associated Muscle Denervation In Vivo
TUDCA is a dietary supplement, and its effects on diverse pathological conditions have been the focus of multiple clinical trials (GEO: NCT00877604, NCT02218619, NCT00771901, and NCT01829698; 71 ). TUDCA is generally safe, has very few side effects, and exhibits good blood-brain barrier penetrance when administered subcutaneously or orally. 71, 72 Denervation of neuromuscular junctions (NMJs) is one of the earliest phenotypes observed in mouse models of ALS, [73] [74] [75] [76] and, in the light of the in vitro results, we reasoned that TUDCA might promote the maintenance of motor axon terminal integrity and delay the denervation process.
To compare the effectiveness of TUDCA to its analogs, we screened it in parallel with 10 conjugated bile acids in CPA-treated motor neurons. TGCA matched the moderate effects of TUDCA on motor neuron survival, and it worked at lower concentrations; however, it had smaller effects than TUDCA on neurite extension ( Figures S4C  and S4D ). TCA exhibited similar effects to TUDCA on both motor neuron survival and neurite extension, but it did not offer any advantages in terms of drug development. Thus, we decided to proceed with TUDCA for further evaluation in vivo.
To test the ability of TUDCA to preserve motor axons in ALS models in vivo, we designed a small-scale study in which we evaluated the denervation of the fast fatigable hind limb muscle tibialis anterior (TA) in early disease-stage hSOD1 G93A ALS mice ( Figure 4C ). We have previously determined that TA motor neurons in fast-progressing hSOD1
G93A ALS mice undergo a period of presymptomatic events, including ER stress, beginning at post-natal day (P)30, followed by muscle denervation that extends to P50. 40 During this period, the TA muscles display 25%-40% denervation before becoming substantially atrophied at later time points. To target this window of early cell stress events, 34 we treated hSOD1 G93A mice with subcutaneous TUDCA or vehicle injections every 3 days between P30 and P50. Mice expressing mouse WT SOD1 were treated only with TUDCA, and they served as reference for the analysis. At the end of the experiment, we counted total NMJs by staining for acetylcholine receptors in the TA muscles with Alexa Fluor 555-conjugated a-bungarotoxin, and we assessed their innervation by staining for motor axons with antibodies against vesicular acetylcholine transferase (VAChT) (Figures 4D and 4E ). Despite the fact that the mice received only seven injections over the course of 21 days of treatment, we observed a moderate, but statistically significant increase in NMJ innervation in TUDCA-treated hSOD1 G93A mice compared to vehicle-treated animals ( Figure 4D ).
DISCUSSION
In this study, we used a novel stem cell-based discovery platform to detect compounds rescuing human and mouse motor neurons from a biological stressor, CPA, which mimics important aspects of neurodegeneration. To streamline future drug discovery, we used this platform to design a translational pipeline, in which lead compounds identified through screening can be readily evaluated in both human cells and via a short-term assay in presymptomatic ALS mice.
Modeling degenerative diseases in cell culture systems opens new opportunities to investigate the pathological processes associated with disease-causing mutations and to screen for novel therapeutic agents. However, adult-onset degenerative diseases, where causative mutations result in relatively slow but accumulating cellular insults, are difficult to model in the kinds of short-term culture systems that are compatible with high-throughput drug screening. We reasoned that the discovery of stressors that induce and accelerate phenotypic changes in motor neurons in vitro could provide insights into molecular pathways contributing to motor neuron degeneration and could lead to the discovery of motor neuron-protective compounds.
ALS-causing mutations are not overtly toxic to spinal motor neurons, and, accordingly, patients do not show any obvious motor deficits during the presymptomatic phase of the disease. Even in an aggressive mouse model of ALS caused by overexpression of mutant hSOD1, no motor neuron death is observed until adulthood, 77 indicating that the effects of ALS mutations are either cumulative or that they are potentiated by age-and/or environment-related stressors. To identify stressors that contribute to the degeneration of motor neurons, we designed a highly sensitive, intrinsically controlled survival assay. The co-culture setup allowed us to focus on the intrinsic properties of motor neurons expressing disease-causing mutant SOD1 protein that may render them more sensitive to stressors than WT cells. Using this platform, we identified CPA as a compound that is selectively toxic to motor neurons in general, with further accentuated effects in cells expressing mutant SOD1.
The role of ER stress in ALS remains controversial. While signs of ER stress have been detected in both mouse models of the disease 34, 40, 64 as well as in post mortem ALS patient spinal cords, several studies have suggested that the induction of ER stress pathways might be a protective response, facilitating the clearance of ALS-causing mutant proteins. 78 Interestingly, instead of improved clearance, we observed an accumulation of misfolded SOD1 protein following ER stress induction. This finding raises the possibility that, under basal conditions, young motor neurons are capable of effectively clearing misfolded SOD1. However, as the burden of misfolded proteins increases with time, the clearance mechanisms may become overwhelmed, resulting in less effective removal of mutant SOD1. It is tempting to speculate that CPA effectively mimics the age-related increase in endogenous protein misfolding at a dramatically accelerated pace. 35 Interestingly, our model recapitulates another poorly understood but important feature of ALS. We observed that motor neurons were considerably more sensitive to ER stress-inducing compounds than other types of neurons. While we do not know what mechanisms underlie such cell type-specific sensitivity to ER stress, it might explain the preferential degeneration of spinal motor neurons in familial cases of ALS, despite broad expression of misfolded proteins in all types of neurons.
A screen of candidate neuroactive compounds identified several potent drugs that could reverse the harmful effects of CPA. Two classes of compounds were of particular interest: kinase inhibitors and bile acid derivatives. Kinase inhibitors exhibited a remarkable ability to protect motor neurons from CPA toxicity. One compound, kenpaullone, was previously shown to protect motor neurons from neurotrophic deprivation, 13 improve survival, reverse electrophysiological deficits in human stem cell-derived motor neurons from a patient carrying a mutation in the FUS gene, 41 and decrease the levels of the UPR mediator CHOP in neural cells exposed to the ER stressor tunicamycin. 79 In addition to kenpaullone, we identified two staurosporine analogs, K252a and GÖ6976, that were previously reported to increase neuronal survival in other in vitro models of neurodegeneration. 69, 80 By integrating our results with published studies, we propose a model in which CPA induces a stress response that activates a cascade of intracellular protein kinase-regulated pathways, 81, 82 including a protein kinase C (PKC)-JNK-signaling pathway 67, 68 ( Figure 3D ).
GÖ6976 and K252a strongly inhibit PKC, as well as its downstream target mixed lineage kinase 3 (MLK3). 69 Kenpaullone acts primarily as an inhibitor of HPK1/GCK-like kinase (HGK) 13 and cyclin-dependent kinases (CDKs). 83, 84 Due to the unselective nature of these compounds, additional stress-activated kinase pathways may be involved, such as p38. 85, 86 Consequently, we did not discern a consistent pattern that would point to a common upstream target mechanism. Our conclusion is that the kinase targets differ between the compounds and act on different branches of the same cell stress-induced cascade, ultimately converging on the suppression of c-jun phosphorylation ( Figure 3D ).
Testing these kinase inhibitors in vivo will require further optimization of their pharmacokinetic and pharmacodynamics properties. Kenpaullone is insoluble in aqueous solutions at its most effective concentrations, effectively preventing its testing in vivo. While K252a and GÖ6976 are more potent and more soluble than kenpaullone (data not shown), these compounds are broad-spectrum inhibitors, each targeting >100 different kinases, raising the concern of adverse secondary effects in vivo. Future drug development and mechanistic target studies will, therefore, require the design of more selective inhibitors.
The second class of neuroprotective compounds that emerged from our screen was derivatives of mammalian bile acids, which have been used extensively in traditional Tibetan and Chinese medicine. Notably, it shows potentially beneficial results in ALS patients. 71 While this class of compounds protected <30% of dying motor neurons after CPA exposure, it completely restored neurite outgrowth. In contrast to the kinase inhibitors that are not approved for human use, TUDCA is a widely available dietary supplement, and its analog UDCA is a water-soluble FDA-approved drug for treating pruritus and liver disease. TUDCA has previously been shown to have beneficial effects in mouse models of Huntington's, Parkinson's, and Alzheimer's diseases. [87] [88] [89] [90] [91] TUDCA has also been shown to reduce the expression of markers of the UPR in a mouse model of type 2 diabetes, in part by acting as a chaperone for misfolded proteins 92, 93 (Figure 3F) . We therefore wanted to validate our results in an in vivo model, and we tested whether treatment with TUDCA was sufficient to delay muscle denervation in early-stage ALS mice. A brief treatment period showed an encouraging effect on denervation in the TA muscle, raising the possibility that TUDCA alone or in combination with other treatments might delay motor disease onset or progression.
In conclusion, the dual-color motor neuron-screening approach described herein revealed that stem cell-derived motor neurons are selectively sensitive to ER stress pathway activation. Our findings add to the mounting evidence that ER stress contributes to motor neuron cell death in ALS. The scalable stem cell-based screening system identified several compounds that effectively desensitize motor neurons to ER stress, providing new tool compounds for mapping pathways involved in motor neuron degeneration and for the development of analogs compatible with in vivo testing. This system can be easily adapted to other neurodegenerative conditions associated with ER stress activation, such as Parkinson's disease, Huntington's disease, prion disease, or Alzheimer's disease. 32 
MATERIALS AND METHODS

Derivation of Mouse Transgenic ESC Lines
Heterozygous Tg(Hlxb9-GFP)1Tmj or Tg(Hlxb9-tagRFP) reporter mice were crossed with mice expressing a mutated (B6.CgTg(SOD1*G93A)1Gur/J) or WT form (B6SJL-Tg(SOD1)2Gur/J) of human SOD1. Blastocysts were collected at embryonic day 3.5. Mouse ESC lines were derived as previously described. 12 New lines were genotyped and sequenced to confirm the presence of both transgenes and the G93A point mutation.
For interneuron differentiations, mouse ESC lines were derived from Ptf1a::cre mice (kindly provided by Dr. Kaltschmidt) crossed to Rosa-LSL-tdTomato fluorescent reporter mice. 94, 95 All animal work was performed in compliance with Columbia University Institutional Animal Care and Use Committee (IACUC) protocols.
Generation of Isogenic Human ESC Lines by Genetic Targeting
To extrapolate results from the mouse assays, we generated an independent set of SOD1 +/A4V and SOD1 +/+ isogenic cell lines by introducing the A4V mutation into the WT SOD1 locus of the human ESC line HUES3 Hb9::GFP 5 ( Figure S5 ). Using again a two-step nuclease-mediated gene-targeting strategy, 96 we introduced the SO-D1A4V mutation into the HUES3 Hb9::GFP genetic background ( Figure S5A ).
Mouse and Human Differentiation into Spinal Neuronal Lineages
Motor neuron differentiation of transgenic mouse ESCs was performed as previously described. 12 Briefly, cells were dissociated on day 6 of differentiation and plated on a surface coated with poly-ornithine (Sigma, 100 mg/mL) and laminin (4 mg/mL). Cells were cultured in the presence of the cAMP-elevating compounds forskolin (10 mM) and IBMX (100 mM) in combination with 500 mM GDNF. For the majority of all experiments, mouse cultures containing motor neurons, interneurons, and glial progenitors were used (referred to as motor neuron cultures); in a few experiments, motor neurons were purified by FACS (see the Supplemental Materials and Methods).
For differentiation into dI4 interneurons, Ptf1a-tdTomato ESCs were dissociated and cultured in suspension as embryoid bodies (EBs) at a density of 8.0 Â 10 5 cells/10-cm culture-treated Petri dish. On day 2 of differentiation, EBs were collected, spun down, and split 1:4 into new Petri dishes and supplemented with 1 mM retinoic acid (RA). Media were exchanged on days 4 and 6 of differentiation. The endpoint of dI4 interneuron (IN) differentiation was day 8, when EBs were collected for co-culture studies.
Differentiation of human isogenic HUES3 ESC HB9::GFP reporter lines into motor neurons was performed as previously described. 70 Cells were dissociated on day 16 of differentiation, sorted via FACS, and plated on poly-ornithine-and laminin-coated surfaces as above. Serum-free human motor neuron plating media were supplemented with the antimitotic UFdU and the neurotrophic factors GDNF, brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), and insulin-like growth factor 1 (IGF1) (all at 10 ng/ mL) as described. 97 All cell lines used were routinely tested for mycoplasma. 
Automated Image Analysis
Whole-well images of live GFP + cells were acquired using a Plate Runner HD system (Trophos). Images were analyzed using Metamorph software (Molecular Devices). A healthy cell criterion, i.e., neurons with a significant neurite (5Â cell body diameter), was used to distinguish live neurons from GFP + debris ( Figure S1K ). The endogenous Hb9::GFP reporters in the human lines were not bright enough to be faithfully detected on our automated imaging platform. Cells were treated immediately prior to imaging with the live-cell dye calcein-AM (1.33 mM) for 10 min, followed by quenching with a 10% solution of hemoglobin in PBS.
Small Molecule Screen
Approximately 1,300 biologically active compounds from the Tocris Mini Screen and Custom collection were added to screening plates at a final concentration of 10 mM in singletons. The final concentration of DMSO was 0.5%. A survival ratio was calculated by dividing the number of surviving GFP + cells by the number of RFP + cells after 48 hr of exposure to the compounds.
FACS
Cells were sorted based on GFP or RFP expression using a 5-laser ARIA-IIu ROU Cell Sorter (BD BioSciences) configured with a 100-mm ceramic nozzle and operating at 20 psi.
ER Stress Rescue Screen
Dissociated and plated cells were allowed to recover for 24 hr, following 45-min incubation with rescue compounds or medium + 0.5% DMSO as control. Compounds were screened in triplicates at three different concentrations with 5-fold dilution steps; hits were further evaluated in 6-to 8-point serial dilutions in 3-6 replicates. Rescue compounds were selected from the initial dual-color screen or from a literature search focusing on compounds with documented effects on ER stress in other models. Cells were then exposed to 7.5 mM CPA for mouse cells and 33 mM for human cells or medium + vehicle 0.5% DMSO, which we referred to as control (ctrl) throughout.
Immunocytochemistry
Live cultures were pre-fixed with 4% paraformaldehyde (PFA) on ice, by adding fixative directly to the medium for 2 min, then fixed an additional 15 min by replacing the well content with 4% PFA and incubating at 4 C. Fixed cultures were blocked for 1 hr at room temperature with 0.01 M PBS containing 0.3% Triton-X and 20% donkey serum. Primary antibodies were diluted in blocking solution and incubated overnight at 4 C, followed by incubation with secondary antibodies (Alexa donkey 488/555/647) for 60 min at room temperature.
Biochemistry
Day 6 EBs were lysed in TNG-T lysis buffer 65 containing protease (Complete Mini) and phosphatase (PhoStop) inhibitors for 30 min, followed by mechanical trituration with a 26G syringe. C4F6 and B8H10 antibodies (MediMabs) were coupled to protein-G Dynabeads and used for the immunoprecipitation of misfolded hSOD1, as described. 65 A control immunoglobulin G (IgG) antibody was used a negative control ( Figure S1I) . A pan-SOD1 antibody (Novus Biologicals) was used for immunoblotting; 5% of the input was used as a loading control. For western blotting, the following antibodies were used: Caspase-3 (1:1,000), CHOP (1:500), phospho-Eif2a (1:1,000) (Cell Signaling Technology), SOD1 and ATF-6 (1:200, Novus Biologicals), and a-tubulin (1:50,000, Abcam). Representative gels are cropped from scanned images of the original films. Cropped parts without relevance to the present study are indicated by a dashed line in the figure. www.moleculartherapy.org Molecular Therapy Vol. 27 No 1 January 2019qPCR Cultures were treated with vehicle or CPA, and samples were collected at 1, 4, and 8 hr. In addition, the combinations CPA + kenpaullone and CPA + GÖ6976 were evaluated at 4 and 8 hr. Samples were lysed in TRIzol and frozen at À80 C until further processing. RNA was extracted using the Qiashredder and QIAGEN RNeasy Mini kits (QIAGEN), according to the manufacturer's protocol. 1-2 mg total RNA was used for each reverse transcription reaction, and reactions were performed using the TaqMan RT kit (Applied Biosystems, Grand Island, NY, USA). Primer pairs were designed for target transcripts using Primer Express 3.0 (Applied Biosystems). qPCR reactions were performed using the Power SYBR Green PCR Master Mix (Applied Biosystems). Reactions were run and analyzed on a ViiA 7 (Life Technologies) qPCR instrument using absolute quantification settings. Statistics were performed using delta-CT values, and data were visualized using fold change values. C. PCR products were run for 30 min on 2.5% agarose gels containing ethidium bromide. Bands were observed and quantified using the Syngene G:Box and Genesis software. Band intensity was measured using the Analyze-Gels application in ImageJ (NIH).
Calcium Imaging
Hb9::RFP WT and ALS motor neurons were dissociated on day 6 of differentiation, and they were cultured 3 days on glass coverslips. The coverslips were incubated with 5 mM Fura-2 AM, ratiometric calcium indicator dye (Life Sciences, USA), for 30 min at room temperature. Coverslips were then exposed to a 1-s pulse of 100 mM kainic acid (KA), and one image per second was acquired for 1 min. After a recovery period of 2 min, the coverslips were then continuously exposed to 75 mM CPA for 20 min, and one image was acquired every 30 s. After another 2-min recovery period, a second pulse of KA was applied, with the same image acquisition as the first application. A 340:380 ratio was calculated for all image series using FIJI (http:// fiji.sc/). Quantification was carried out using Igor Pro version (v.)6 (Wavemetrics, USA). The rate at which the evoked calcium transients returned to the baseline was calculated from the tau (time constant) of a single exponential curve fitted to the falling part of the Ca intensity trace from 80% to 20% of the peak.
In Vivo Administration of TUDCA P30 mice were divided into three cohorts: 1 hSOD1 G93A mice (B6.CgTg(SOD1*G93A)1Gur/J) receiving 0.5 mg/g TUDCA in 0.01 M PBS subcutaneously; 2 WT mice (C57BL/6J) receiving 0.5 mg/g TUDCA in 0.01 M PBS subcutaneously, to evaluate the mutation-specific effects of NMJ denervation and of the drug; and 3 hSOD1 G93A mice receiving 0.01 M PBS subcutaneously, as a vehicle control. The drug was administered every 3 days from P30 to P51 for a total of 7 injections, after with animals were euthanized. The TA muscles were dissected out and processed for staining, following transcardiac perfusion. Presynaptic terminals were stained with an antibody to VAChT (raised in rabbit, Covance, 1:32,000), and postsynaptic clusters were stained with a-bungarotoxin conjugated to Alexa Fluor 488 (1:500; Invitrogen). NMJs lacking presynaptic staining were considered denervated. Every third section throughout the whole muscle was analyzed from one TA per animal (n = 4-6). All animal work was performed in compliance with Columbia University IACUC protocols.
Statistics
Statistical analyses were performed with GraphPad Prism v.7 or R' (www.r-project.org). Datasets are expressed as mean value ± SEM throughout the paper. 
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